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ABSTRACT

, //¢7éﬂ9i24
A theoretlcal and experimental investigation was made of a porous
wall diffuser used with 2 low density hypersonic nozzle, The Reynolds

number raﬁéé"of the>experiment varied from 1000 to 20,000 based on the

nozzle diameter. At the low Reynolds numbers nearly all of the flow

~ passed through the pores of the diffuser. At the higher Reynolds num-

bers from 70 to 85% of the flow passed through the throat of the diffuser.
The measured pressure recoveries varied from | to 10 times the test
section normal shock pressure, When models were introduced Into the

test section stream, the mass flow and pressure recovery of the diffu-

ser were markedly reduced. A]théugh the model used to describe the flow
through the porous wall appears incorrect, the theoretical and experi-

mental pressure recoveries and mass flows were In good agreement.
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NOMENCLATURE
area, ftz
radius, ft
T w
skin friction cosfficlent, —
1 .
2 (OCU ucﬁ

Stanton number
specific heat at constant pressure, Btu/1b°R
diameter, ft

heat transfer coefficient, Btu/ftz—secéR

Knudsen number, mean free path/characteristic length
length, ft

Mach number

mass flow rate, slugs/sec

static pressure, psf

total or stagnation pressure, psf
gas constant, ftz/sec2 °r

Reynolds number

statlc temperature, °r

total or stagnation temperature, °r
velocity, ft/sec

normal or suction velocity, ft/sec
distance along nozzle-diffuser, ft
ratlo of specific heats
displacement thickness, ft

momentum thickness, ft



NOMENCLATURE (continued)

> - density, slugs/ft3

gﬁ - porosity or percent open area
v - nozzle or diffuser half angle
Subscripts

* - nozzle throat

o =~ stagnation chamber

1 - test section

2 - ~ diffuser throat

3 - downstream of diffuser throat
©> -~ free stream

2d - two-dimensional

aw - adiabatic wall

comp - compressible
inc = Incompressible
w -  wall



INTRODUCTION

The near free molecular flow regime represents a low density flow
regime of great practica]‘interest. In this regime the flow about a
body 1s determlned by the character of both intermolecular collisions
and molecule-wall collisions. The relative importance of these two
types of collisions is primarf]y dependent upon the Knudsen number (Kn)
which is the ratio of the mean free path to:the pertineht test object
dimension, As the Knudsen number increases a smaller fractlion of mole-
cules that rebound from the test object will collide with molecules that
are proceeding to the test object, so the Incoming stream of molecules
becomes less and less dependent upon the test object., In the limit
KN——s oo , the incoming stream is Independent of the test object, and
the flow is completely free molecular,

In order to investigate this flow regime experimentally, It is
necessary to provide a facllity that Is capable of producing a range of
mean free paths that are greater than and less than the test object
dimensions., Since the typical low density hypersonic boundary layer is
one or two orders of magn{tude greater than the mean free path it is
necessary that the wind tunnel be two or three orders of magnitude larger
. than the test object In order to obtain reliable results at high Knudsen
numbers, Due to this large ratio, the wind tunne! must be large even
for models with dimensions on the order of one inch,

This requirement for a large tunnel diameter means that the tunnel
pumping system must also be large In terms of volume flow, This results

from the large physical size of the tunnel and the presence‘of the low



momentum flow In the boundary layer., 1In a typical low density diffuser,

the relatively thlick boundary layer prevents the attalnment 'of any signi-
ficant pressure recovery In terms of the test section normal shock pres-

sure recovery., Reducing the boundary layer height should be conducive to
increasing the préssure recovery through a diffuser,

Bottorff and Rogers (1963) showed that a nozzle with borous walls
could be used to provide some control of the boundary layer height through |
boundary layer suction. It was found that the boundary layer suctlon re-
duced the thickness of the boundary layer and therefore allowed a reduc-
tion of the physical size of the nozzle for specified test section con-
ditlons.

Previously preliminary experiments by Rogers (1962) showed that a
porous nozzle and a porous diffuser could be used to obtain pressure
recovery in excess of test section normal shock pressure recovery. Since
these levels of pressure recovery would permit one or two orders of magni-
tude reductlon in the pumping speed requlrement for a low denslty wind
tunnel, It‘appeared that this approach might make it economically feasible
to develop large low density facilities, The present report Is a study
of the operationai characteristics of porous wall low density dlffusers
when operated with a low density wind tunnel in the Reynolds number range

of 10° to 1.2 x 10%.



THEORET!I CAL CONSIDERATIONS OF DIFFUSER PERFORMANCE

Non=Porous Nozzle and Diffuser Walls

In the typical operation of a supersonic wind tunnel (Figure 1),
alr is expanded from the nozzle throat (Station *) to tEe test -sectlon
(Station 1) and compressed from the test section to the diffuser throat
(Station 2), The flow becomes subsonic at Station 3. |If the flow be-
tween the nozzle throat and the diffuser throat were completely Isen-
tropic, it would be possible to compress the flow to the sonic condition
at the diffuser throat. Assuming the flow was adlabatlic, the diffuser
throat would be the same size as the nozzle throat. There woujd be no
Joss in stagnation pressure through the wind tunnel and this condition
would have the minimum possible pumping requirements. In practice, the
flow is never isentropic between the nozz]e.throat and the diffuser throat
and frequently it 1s not adiabatlec. Boundary layer flows and shock waves
are thé two main phenomena that prevenf the flow from being Isentroplc.

The decrease in stagnation pressure resulting from the non-isentropic
flow requires that the diffuser throat be larger than the nozzle throat,
From the other viewpoint, the maximum atfainab]e area ratio between the
nozzle throat.and the diffuser throat can be used as a measure of the
stagnation pressure loss-between the two throats, Assuming the flow at
each throat Is uniform and one~dimensional, the contlnuity equation can
be used to develop the relatlonship between the throat conditlons. The
present development is simplified by considering thé case of a nozzle and
é diffuser having solid walls so mass flow entering the nozzle throat

must pass through the diffuser throat.
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choked diffuser throat is directly proportional to the area ratlo between
the nozzle throat and the diffuser throat.

This result corresponds to the minimum pressure recovery that can be



obtained at the Speglfied area ratio. This follows from the fact that

the sonlc condltlon corresponds to the maximum rﬁass flow per unlt area, . ' \
Therefore with a fixed area ratio, a reduction in pressure recovery would

have to be accompanied by a reduction In massvflow. Since the mass flow

Is fixed by the continuity equation, It is not possible to have a pressure

recovery aﬁ the throat that Is less than that given by Equation 5. Thére . T
may be significant losses downstream of the throat, so the overall pressure

recovery Cﬁgf) may be beIoW that given In Equation 5. This is i}lus-

t}ated In Figure 2, which compares the results of Equation 5 with the

experimental results reported by Johnston and Witcofski. {1960). The

experimental pressure recovery exceeds the theoretIcaI‘vaIue for smaller

values of area ratlo ;ﬁ

A, 2

7 are approached, the experimental pressure recoveries fall below the
2 .

theoretical ones. This Is the result of losses downstream of the diffuser T

,» but as the maximum experimental values of

throat section.

Figure 2 also emphasizes that experimentally the point of maximum
pressure recovery does not correspond to a choked throat. This foflows
from the prlor argument that the maximum mass flow per unit area corresponds
to the choking point. Contraction beyond this choking point combined with
decreasing pressure recovery ls not possible without a corresponding de-
crease In mass flow. Since the mass flow was constant during the experi-
ments, It follows that the throat was not sonic at the maximum pressure
recovery point.

wﬁile the analysis based on a sonic diffuser throat is not valld in
calculating the overall pressure recovery; It is useful in establishing

the minimum pressure recovery that can exist at the diffuser throat. It




is also possible to use the one-dimensional analysls to establish the
max{mum pressure recovery that can. be obtained for a Spec!ftéd area ratio
between the nozzle throat and the diffuser throat, This s done by assum-
Ing that the flow Is isentropic between the two throats. In this case,
the flow enters the diffuser throat at a supersonic veloclty and the
ideallzed pressure recovery wlll be that associated with a normal shock
at thls supersonic diffuser throat Mach number. |t can be seen that this
is the maximum possible pressure recovery for the specifled afea ratio by
noting that while any consideration of boundary layer displacement effects
tends to reduce the Mach number, and therefore the shock losses assoclated
with the flow, the viscous losses assoclated with the boundary layer growth
'aré greater than the beneflt resulting from the lower Mach number.
Equation 4 can be used to ca]cu]aﬁe the maximum possible pressure
recovery. In the equation, M2 is the Mach number downstream of the
normal shockkwave. In the limlting case of a very high Mach number up-

stream of the normal shock, the downstream Mach number becomes
e
~\ -
M, — 5 M, e 0 (6)
2 2 2
upstream

When Equation 6 is substituted Into Equation 4 and the results evaluated

for ¥ = 1.4,

N
*
N

2 (7)

>

While this equation is based on the assumption of a very high lncoming

Mach number, it is within 10% for throat Mach numbers down to M = 4.2 .,
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Now Equations 5 and 7 represent two limiting sets of assumptions. Equa-
tlon 5 Is based on the assumption that the stagnatlon pressure losses are
such that the diffuser throat is choked and therefore represents the mini-
mum pressufe recovery that can occur at that throat area ratio and tempera-
ture ratio,. Equation 7 is based on the assumption that the stagnation
pressure isvconstant to the diffuser throat where the flow Becomes subsonic
through.a normé] shock, and therefore it represents the maximum pressure
recovery that can occur at that throat area and temperature ratio. Since
Equatlons 5 and 7 only differ by the factor 1,65 It is clear that the
pressufe recovery Is essentially established by the throat area ratio and

the temperature ratlo and Is Independent of the processes between the two

throats. The processes between the two throats will of course determine

the possible throat area ratio and temperature ratio, but the significant
point Is that if the limiting values of throat area ratio and temperature
ratio are establlished, the maximum throat pressure recovery must fall with-
in the range of Equations 5.and 7. It is to be emphasized that the mInimum
measured pressure recovery may be below the limits established by Equation

5. This Is due to losses occurring downstream of the throat.

Porous Wall Nozzle and Diffuser

It s necessary to determine the effect of the flow through the por-
ous walls when calculating the pressure recovery of a system having porous
walls. Since both the nozzle and diffuser walls may be porous, the decrease

In mass flow between the nozzle throat and the diffuser throat must be



considered in deriving the porous wall counterparts of Equations 5 and 7.
1f the mass flow through the dlffuser throat Is less than the mass

flow through the nozzle throat, EqUatioﬁ 1 can be re-written

m
2
Pruahy = 7 Pr A (8)

This is the only chaﬁge due to the suction. The porous wall counterparts

of Equations 5 and 7. become Equations 9 and 10, respectively.

P . T
T, ) Ay w T,
g S Y (9)
Ty * 72 T
min :
PT2
(5=°) = 1.65 (10)
Ty
max
mz
Thus Equations 9 and 10 are just Equations 5 and 7 multiplied by ol
*

Thus in order to use these equations in calculating the limits on

pressure recovery as a function of area ratio, It is necessary to deter-

™2 T,
mine the variation of = and T with area ratio.
m % Tx
The term ~;Z can be obtalned If the suctlon flow through the porous
%
wall can be determined.
m h .
12 = 1 - suction (11)
My e
T
T2
The temperature ratio 7= cannot be determined in such a direct
: T,

manner., However, since the pressure recovery varies as the temperature
ratio to the one-half power, the accuracy of the temperature ratio is less
significant than the accuracy of the mass flow ratio. The temperature

ratio can be estimated from the heat transfer to the walls of the nozzle



" CP Tr «{Ah (Ta.w. w xgm* - mZ) Cp Tsuction flow
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Heat carried through
porous wall

Heat transferred

to wall

and the diffuser by the following heat balance.

(12)

Heat In

+om, Cp TT2
e o

Heat passing through

diffuser throat

This will be simplified by the following assuhptions: (1) The Prandtl
number Is unity so TT* = Ta. Ww. ; (2) the wall temperature is constant;
and (3) the gas leaves the porous wall at the wall temperature so
Using these assumptions, the temperature ratio becomes

Tsuction = Tw -
T
T . T m
2 * w 1 2
2 = 2.0 S hdA = (1 = ==) T (13)
C
i) T, ™5 ;( T

can be applied to the present analysis.
is equal

In order-to solve this it is necessary to determine the heat transfer
K

coefficient (h),
The Reynolds analogy Ch = K Cf
If the effect of pressure gradlent Is neglected, the constant

to one-half for a suction boundary layer as well as for a non-suction
As will be seen later, the effect of pressure gradlient

boundary layer,




is small as far as the flow properties are concerned, so thls effect will
be lgnored In caleculating the heat transfer rate.

The variation of pressure recovery with area ratio can now be esti-
mated if the local skin friction coefficient and the total mass flow through
the pores can be determined. Bottorff and Rogers (1963) presented a tech-
nique for calculating the flow properties in a porous laminar flow nozzle.
This technique used an iterative procedure which satisfied the momentum
and continuity equation at each station in the nozzle, The energy equation
was Incorporated by assuming a Prandt] number of unity and using the
Crocco Integral relationship to relate momentum and energy (Crocco, 1948).
The local boundary layer characteristics were determined from the suction
boundary layer calculations of Iglisch (1949) modified to include the
effects of heat transfer, compressibility and axIsymmetric boundaries.
These characteristics were used to calculate the wall shearing stress, the
momentum thickness, the displacement thlckness, and the height of the boun-
dary layer.

The flow through the pores was estimated by assuming that the pores
were connected to a reservoir contalning a gas at uniform conditions. The
stagnhatlon pressure for the reservoir gas was assumed equal to the local
static pressure in the nozzle and the stagnation temperature of the reser-
voir gas Qas assumed equal to the nozzle wall temperatu;e. The effect of
pore L and Reynolds number was included in the calculation of the pore

D

mass flow, Since this ?pproach provides the flow characteristics necessary

m T
to calculate W and 7?2 in the nozzle, the computer program was modified
* Ty

to include the calculation of the flow into the diffuser.



Starting Limitations

Since the pressure recovery |s directly proportional to the ratio
of the nozzle throat area to the di%fuser throat area, It is i{mportant
to be able to establish a large value of this ratio. 1In a solid wall
diffuser, the value of this ratio is limited by the starting process.
During the starting of a supersonlc nozzle, the shock waves must pass
through the test sectlion into the diffuser throat. The dif fuser throat
must be sized to allow all of the relatively low pressure recovery air
to pass through the diffuser throat during the sfarting process. This
places a severe limitation on the pressure recovery of a fixed geometry
diffuser, and !n order to obtain larger pressure recoveries It is neces-
'sary to use Qarlable geometry diffusers. Siﬁce thls Is not practical
for an axlisymmetric diffuser, most axisymmetric diffusers have flxed
geometry and limited contraction. While the porous diffuser must
operate under a similar limitation, it is in a more favorable position.
This results from the fact that the pores, as well as the diffuser throat,
are available for the passage of mass flow during the starting process.
Thus during the critical phase when the starting shock system Is near
the test section, the entire porous diffuser and throat are avallable
for mass flow, whereas the solid wall diffuser has only the throat area
avallable. After the porous wall diffuser has started, the low static
pressure combined with the supersonic flow field acts to reduce the flow
through the pores so that whereas the entire flow could pass th}ough the
pores with the shock system at the test section, after the diffuser has

started only a fractlon of the flow passes through the pores.

11



In order to calculate the mass flow that passes through the pores
of the diffuser durlng the starting process [t [s necessary to make
several assumptlons. These will be dlscussed in the section on the

results of the numerical calculations.

12



THEORETI CAL CALCULATION OF DIFFUSER BOUNDARY LAYERS

General Approach

The method of Bottorff and Rogers (1963) for calculation of com-
pressible laminar boundary layers in nozzles with suction was extended
during this study to include calculation of the flow in porous diffusers,
The extension assumes that the boundary layer concept can be carried Into
the diffuser and that the flow in the core fs one-dimenslonal and Isen-
trOplb, Although".this model can only be taken as a rough approximation
of the physical case, It was hoped that its results would be useful at
least for the prediction of trends. A brief description of this method
follows,

The method uses a momentum integral approach to the calculation of
the boundary layer characteristics. The velocity at the wall Is allowed
to be finlite to include the effects of suction, Deflnitions of momentum
and displacement thicknesses which account for transverse curvature are
‘used. The sd]ution for the momentum integral equation is

X

. ] [
9@0 = Ez;j ' W(x) G(x) dx
/
° — —
where X * ’ j
6x) = (8/8) 4 4y ] d o 0 2
x) = exp o i + T3 x (‘, u a); dx
o0 a oou o oD
6 L_ r:% (=95 _~%
and
C v T
wix) = —Zf sec (W + H‘d? sec w
oy W

(14)

(15)

(16)



*
Flat plate values for §/6 and C_ were used in the above equa-

f
tions. These were obtalned from an exact solution developed by [glisch

(1949) for lncompressible flow. In Iglisch's work, these quantitles are

\Y
l4£
U Reinc ’ (17)

But since 2

) =) (Re___ ), (18)

wall Tw comp

functions of the parameter

Reinc = (R

e
comp

the results of lglisch can be used directly as functions of

vW TC‘O
. T W!Recomp (19)
w
5 5
‘to get C. and @6—) . The value of 05—) Is then used
2d inc, 2d Inc. s*
In the following equation (Sivells and Payne, 1959) to get (ZT> .
2d
* * T T |
$ & W
) = &) Es il (20)
2d 2d inc, @® 0

The parameter :! was computed by assuming that the flow through the
0

porous wall is choked with stagnation conditions equal to the wall static
pressure and temperature., The hole flow coefficients were taken from
experimental data for thin orifices over a Reynolds number range from
continuum to near free molecule,

Equation 14 must be solved numerically. A program for an |BM 7090
computer was developed and was available for the present study, No account

*

was taken of pressure gradlent effects on Cf and %r In the earlier

study.



Modiflcation of Boundary Layer Equations
to Include Pressure Gradient Effects

During the present study, an effort was made to {nciude the effect§
of pressure gradient in the 1BM 7090 computer program, because of the
possible Importance of the adverse pressure gradient in a diffuser.

No solutions were found in the literature for the compressible
laminar boundary layer with heat transfer, suction, and pressure gradlent,
Thus In order to estimate the pressure gradient effect, 1t is necessary
to resort to solutions of the solid wall boundary layer with pressure

adient and apply these as perturbation type corrections to the Cf and

gr
*
§§ values for the suction boundary layer.

Sclutions to the laminar boundary layer equations that include the
effects of heat transfer, compressibllity and pressure gradient have been
quite limited in number. The method of Cohen and Reshotko (NACA-TR-1294,
1956), as distinct from other methods, does not requlre the solution of

one or more ordinary differentlallequations and seemed to be the most
suitable for inclusion into the method of Bottorff and Rogers., Cohen and
Reshotko, after applying Stewartson's transformation Lo the boundary layer
equations, use Thwaite's concept (developed by him for incompressible flow)
of relating the wall] shear, its normal derlvative at the wall, and the
form factor to one another without specifying a type of velocity profile.
Non-dimensional forms of these quantities were defined and were evaluated
by examininé exact solutions for the laminar boundary layer, in this case

those of Cohen and Reshotko (NACA<TR-1293, 1956).

The Cf equation developed by Cohen and Reshotko is the following:

15



4 _)_(_ duoo
i i dx
4 . f oo
e ';Rew 2 A i - (21)
§ ¥ n — .
=
? P Ty

du
X [o.a)
T u,, dx
C, =—2 R | RS (22)
f T T
YRe ., W on
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1" Tr

Cohen and Reshotko have obtained the shear parameter ,@ as a
.function of the correlation number np » which must be known if this
method Is to be used, |If there Is no pressure gradient, np =0,
Since the Cohen method was not developed for a suction boundary
layer, application of Its results to a porous nozzle-diffuser are limited
to a '"perturbation type of correction to the C_. developed in Bottorff

f

and Rogers for suction boundary layers. Thus a {C. can be defined as

f
x duoo
T u dx
2[3)‘2 [ /\OO
He, = =5 F 01— (23)
'gRea; W -
p

7 g
where AL Is the pressure gradient correction to the shear parameter _{ ;

*
In the case of 8/6 , Cohen and Reshotko give the following equation:

g ' - 2
T T Ht 2 Moo <Htr+]) (24)

where Htr Is a transformed form factor and is, ilke Cf » @ function of

16



e )

T
the correlation number n , For no pressure gradient, H__ = H =
p tr inc Taw
If a pressure gradlent exists, Htr cen be written
Tw
Htr - Hinc E * AHtr : (25)

3

whereAHtr Is the correction due to pressure gradient from Cohen and
T

Reshotko. If H.__ is used instead of H, —— in the method of
tr inc Taw

*
Bottorff and Rogers, the resulting equation for (8/9)2 d with pressure

gradients is:

(570), 4 = (A 3+ AH ) 75+ - (26)

Conslderations Regarding Separation

In modifying the computer program to Include diffuser calculations,
the range of the pressure gradient correlation parameter np had to be
arbitrarily limited to a value below that which would cause separation
for a no suctlion boundary layer. The possible error Introduced by doing
thls may be large, as Indicated by Figure 3, where a typical calculated
varfation of np along the diffuser is plotted, It 1s clear that if the
boundary layer actua]fy separates at the point indicated for no suction,
diffuser performance will be poor., Although the plot indicates that a
no suction diffuser Wou]d separate at the entrance, the np at this point

is not considered valid because It occurs at the nozzle-diffuser boundary.

If the boundary layer separates at even the second indicated point, however,
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the contraction of the diffuser would be quite limited and the pressure
recovery would be essentially that assoclated with a test séctlon normal
shock., It has been found experimentally, howevér, that this separation
apparently does not occur, or if it does occur it fails to seriously dis-
rupt the core flow, ‘This statement s based on the fact that pressure
recoveries of up to ten times normal shock were achieved In the tests
and also upon the fact that measured diffuser static pressures exhibited
a smooth increase along the length of the diffuser.

The separation point indicated on the plot was for a no suction
boundary layer, 1t is well known that boundary layer suctlon delays
separatloﬁ, so that a higher value of the separation nP can be expected
for a suctlon boundary layer, Investigations have been made to attempt
to determine the magnitude of the increase In the pressure gradlent para-
meter that will be caused by the sﬁctlon. No references were found
relating the effect of suction to the separation pressure gradient para-
meter in a compressible boundary Tayer. In view of this lack of informa-
tion on compressible boundary layers, 1t was decided to attempt to deter=~
mine the order of magnitude change In pressure gradient parameter due to
suction by using the results of incompressible analysis,

Spalding and Evans have prepared a series of reports that complle ’
the avallable exact solutions of the incompressible boundary layer with
an arbitrary pressure gradient and suction. [n thelr work the suction
boundary layer is characterized by parameters such as the momentum thick-
ness, the kinematic viscosity, the local axial velocity gradient, and
the suction flow rate. The veloclty gradient is assumed to be of the

form %ﬁ = cu” . The sign of the constant ¢ will be positive or



negative, depending upon whether the flow Is accelerating or.decelerating.
For all of the data presented, the exponent n has been 1imlted to values
less than 2 for positive velocity gradients and to values greater than 2
-for negative velocity gradients (diffusers). The limitations have no
physical significance, but are made only for mathematical simplicity.
These restrictions are Important in the case of hypersonic diffusers,
however, since for the velocities of interest in the present study (3000
to 4000 fps) calculations have been carried out only for extreme velocity
gradients. It is thus apparent that the [ncompressi{ble flow calculations
are not useful in attempting to determine the magnitude of the effect

of suction on the separation point.

Results of Calculations With and Without Pressure Gradient

Figure 4 is a comparison of the computer results with and without
the previously described pressure gradient correction. Mach number and
mz/m* have been plotted versus the distance along the nozzle-diffuser
centerline for the 8° half angle, 15% porosity diffuser at stagnation
conditions typical of those used in the tests. The pressure gradient
correction gives a lower Mach number at all locations which Implies
that the increased skin friction coefficient more than offsets the favor-
able shape parameters and results in an increase in boundary layer thick-
ness, However, it appears that the Mach number difference disappears
near the end of the diffuser, Mass flow. ratios, however, are about 5%

to 15% higher (suction flow 5% to 15% lower) In the no pressure gradient

case, a result of the lower tunnel static pressures for this case.



In order to further assess the valldity of the Cohen-Reshotko method:
for calculating laminar boundary layer characteristics In a pressure gra-
dient, the nozzle boundary layer was calculated for the preésure gradlent
and no pressure gradient cases for an existing M = 6 nozzle which has
been thoroughly investigated experimentally. The comparison betweeﬁzthe
resulting test section Mach numbers [s shown in Figure 5. Again, the
pressure gradient case shows a decreased Mach number and Is in poorer
agreement with experiment than the no pressuré gradlent calculations.

It appears that the Cohen-Reshotko procedure may over-estimate the
ef%ect of the pressure gradient on the skin friction coefficient. This
is also implied in a report by Carden who compared experimentally measured
heat transfer coeffliclients In a laminar flow nozzle with the results of
_calculations using the Cohen-Reshotko procedure. The heat traﬁsfer
coefficients calculated by the Cohen-Reshotko procedure great]yrexceed
experimentally determined ones, !In view of this uncertainty of fhe ade~
guacy using the Cohen-Reshotko procedure to calculate the effect of
pressure gradlént on nozzle-diffuser boundary layer characteristics and
also considering that the effect of the pressure gradient appears small
when used [n the calculation of the nozzle-~diffuser boundary layer, it Is
concluded that for the purposes of this study the effects of pressure

gradient can be neglected,
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RESULTS OF THEORETICAL CALCULATIONS

Mass Flow

Calculations wére made for a series of nozzle-diffuser combinations.
The variables included the Mach number, the Reynolds number, the contréc—
tion angle w , and the porosity pf . While the important parameters In
determining the performance of a diffuser are the pressure recovery and
mass flow relationships, by the use of Equations 9 and 10 it is possible
to determine the limits on pressure recovery if the variatlon of mass flow
and temperature ratio with area ratio are known, Figures 6 through 8 show
the typlcal variation of mass flow ratlo with diffuser area ratio.

The porous nozzle used In these calculations had a 26° included angle
and a 12'" exit diameterf The nozzle throat was varied between Mach number
10 and Mach number 6. Both the nozzle and the diffuser walls were at liquid

A

*
nitrogen temperature. The lowest values of 7o are those corresponding
2

to the test section,

Figure 6 shows the variation of mass flow with area ratlio for differ-
ent values of o] and . From this plot it is seen that Increasing
either the porosity or the length increases the flow through the pores. ‘
This Is consistent with what would be expected intuitively, l.e., that
the flow out the diffgser wall would be approximately proportional to the
total open area of the diffuser. The total flow through the diffuser pores
is not directly proportional to the area of the diffuser pores because
increasing diffuser pore flow results in-decreasing static pressures In

the diffuser. Since the local mass flow through the diffuser pore is

almost directly proportional to the local static pressure, the decrease
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in static pressure results in a decrease In mass flow per unlt open area.
This assumed relatlionship between local mass flow and local static pres~
sure keeps the flow from being directly proportional to the total open
area of the diffuser,

Figures 7 and 8 show the effect of Reynolds number on the diffuser
performance. Increasing Reynolds number results in a relatlve reduction
in mass flow through the pores. This is due to the increase in Mach num-
ber that Is assoclated with an increase in Reynolds number, The Mach
number Tncreases because of the reduction in boundary layer height with
increasing Reynolds number. The Increased Mach number results in a rela-
tively lower static pressure at the pores, and since the pore flow Is
directly proportional to the static pressure, this results In a réductton
in pore flow., As the Reyno]ds number Increases, the boundary layer becomes
thinner so the varlations in the height of the boundary layer have a smaller

effect on the Mach number and pressure in the nozzle and diffuser.

Heat Transfer

In order to use Figures 6 through 8 in calculating the pressure

T
recovery, 1t [s necessary to determine the variation of Trg . Calcu-
T
*

lations were made using the procedure outlined on pages 9 -10 . It was
found the heat transferred between the nozzle throat and the diffuser
throat was relatively constant and equal to about 15% of the energy enter-
Ing the nozzle throat. Thus the temperature ratio C?IZ) Is about .85,

: * ,
Since only a small fraction of the energy is transferred from the Incoming
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gas to the nozzle walls, it Is apparent that the température ratlo Is
not an Important parameter in calculating the theoretical limits on the

pressure recovery,

Cryopumped Diffusers

In a low density wind tunnel with porous diffuser, the flow through
the pores generally represents a very large volume flow rate because of
the low pressures (typically of the order of 1 micron) which must be
maintained outside thé nozzle and diffuser walls. Thus a cryopump, which
can be arranged so that it entirely surrounds the nozzle and diffuser, Is
an especially attractive means of pumping the suction flow because of the
very high pumping speeds which can be achleved,

The cryopump is however a mass flow 1imited pump and thus the prob-
lem in such an installation is to design a diffuser which will minimize
the volume flow rate at the diffuser throat while maintaining the pore
mass flow below the capacity of the cryopump. To IIIustraté the trade
of f involved, calculations were made for the 12° half angle, 15% porosity
diffuser with the 12" diameter Mach 10 nozzle., The test section unit
= 1320°R). Figure 9

Reynolds number was 340/in (PT = 1.96 psia, T,

o) o)
presents the maximum possible pressure recovery (Equation 10) and the
diffuser threoat mass flows as a function of nozzle to diffuser throat
area ratio, As the diffuser area ratlo is increased the assumed normal

shock occurs at a lower Mach number, The lowered Mach number more than

offsets the decreased mass flow ratio to give a steadlly increasing pressure
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recovery as the area ratio is Increased, Figure |0 presents the corre~
sponding pumping speed requirements for the diffuser throat flow elong
with the cryopump capacity required to pump the pore flow. [t can be
seen that the diffuser throat volume flow can be diminished to very small
values but the cryopump capacity curve rises steeply as this is done,

It is apparent then that a trade off must be made to balance the two
requirements. The most economical contractioﬁ ratio cannot be derived in
general terms since it depends on a great many factors (Reynolds number
range, tunnel size, availablility of various pumplng means, etc.) which

must be individually considered for each installation.

Starting Calculations

The porous diffuser can start wlth greater amounts of contraction
than a solid wall diffuser since the openings in the diffuser wail that
are downstream of the shock system act as additional diffuser throat area
during the starting process. These pores are not carefully shaped nozzles
but are sharp-edged orifices, so Instead of flowing full of gas at a sonic
condition, they flow at a lower rate. While, if the pressure ratio Is
high enough, the flow rate can Be estimated as a function of Reynolds num-
ber, due to other uncertainties it Is adequate to assume the pores are
choked.

The temperature of the gas passing through the pbres is unknown
since it is difflcult to estimate the heat transfer. 1t was found that

the heat transfer in the diffuser is low if the diffuser [s. supersonic
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level, the heat transfer wlll be Increased., In view of this uncertainty,

~ ,85); however, if the gas Is subsonic and at a higher pressure

a conservative assumption has been made, i.e., the gas Is all at the
stagnation temperature.

The other major uncertainty Is the pressure recovery of the gas
behind the normal shock system. At high Reyno]ds numbers, it has been
found experimentally that this shock system has a lower loss than a single
normal shock. This iIs evidenced by the ability of diffusers to start
with greater contraction than theory predicts. For the present analysis
it has been assumed that these errors are self-compensating, i.e., the

reduction in area Is just balanced by the higher pressure recovery and

lower temperature. Now the starting criteria will be that the quantlty

of gas that can flow through the open area downstream of the shock wave
must equal or exceed the quantity of gas entering the shock wave. The

gas flowing through the pores is assumed to be choked at the stagnation
temperature and pressure associated with a normal shock. The starting
characteristics of several nozzle-diffuser configurations were investigated
using this approach. It was found that the crucial phase of the starting
process occurs when the normal shock is positioned at the test section.

This is the same result:that is found for a non-porous diffuser.
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EXPERIMENTAL PROGRAM

Facility Description

The experiments were conducted in the Hyperaltitude Facility of the
Environmental Division of the U, S. Naval Missile Center, Point Mugqu,
Californfa. A complete description of this facility is given In Bottorff
(1964) and only a brief summary will be presented in this>sectloﬁ. The
basic facllity consists of a 10' diameter 20' long vacuum chamber that
has a combination'of pumping .systems, The-brlmary pumping unit for the
present test was a 20°K cryopump that Is cooled by a 350 watt gaseous
hé]ium refrigerator. The condenser can be [solated from the main chamber
by a large 5' diameter valve wHichvallows access to the models and tunnel
without bringing the cryopump up to ambient temperature,

The present investigation utilized the porous wall nozzle described
in Bottorff and Rogers (1963). This nozzle is basically a Mach 10 nozzle with

12" exit diameter which has liquid nitrogen cooled porous walls,

Experimental Arrangement

The experimental arrangement used in this test Is jllustrated in
Figure 11, The nitrogen gas which was obtained by vaporizing liquid
nitrogen was metered Into the stagnation chamber to malntain a selected
stagnation pressure, After passing through the nozzle throat, part of

the flow was removed through the liquid nitrogen cooled porous walls of
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the nozzle and the diffuser, This flow passed through the 5" diameter
valve Into the cryopump. The remaining flow passed through the diffuser
throat into the pumping system where It could be directed to elther tﬁe
mechanical pump or the cryopump. The pressure at the end of the diffuser
was varied by manipulating the throttle valves (1 and 2).

It was originally planned to use the section M (Figurell) as a
metering run; however, this did not prove practical due to erratic pres-
sure drops In the'meteriné section, This erratic performance resulted
from the persistence of the core flow when the diffuser throat was super-
sonic. This problem was alleviated by installing the stilling chamber
S (Figure 11) and using the thin-walled orifice as a metering system,

In order to use this metering system, it was necessary that all of the
flow pass through the stilling chamber and into thé cryopump so valve 2

was closed at all times.

Instrumentation

Since there are extremely wide variations of pressure level {n the
hypersonic wind tunnel, it is necessary to use a variety of pressure
gauges to monitor the fiow conditions,

The stégnation chamber pressure was measured using a Bourdon gauge
which was 1imited by reading accuracy to 3% to 5% accuracy. The static
pressures in the converging Qection of the supersonic diffuser were
measured using thermocouple gauges. Thg first two instruments had a
usable range of 0-100 microns, while the third gauge had a range of

5-1000 microns. By the use of suitable valving, the test section normal
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shock pressure, the static pressure in the diffuser throat, and the diffu-
ser recovery pressure were measured using one Alphatron gaugé. When It
was necessary to measure the statlc pressure near the diffuser recove}y'
tube, the same Alphatron was used. The pressure in the metering system
was measured using a capacitance type mechanical diaphragm gauge. A1l
gauges were calibrated on a device that metered known increments of gas

into a container of a fixed and known volume.

Diffuser Configurations

Three diffuser contractlon sections were tested, Two contractions-
had an 8° half angle and the third had a 12° half angle. One 8° diffuser
and the 12° diffuser had a porosity of 15%, i.e., there was 15% open area.
The second 8° diffuser had a porosity of 30%. The pores consisted of %
diameter holes drilled In the-%é” diffuser wall, The diffusers were

constructed so the diameter of the throat section could be varied between

2 inches and 3} Inches. The of the throat was essentially constant

L
D
at a value of 4.8. The entire diffuser assembly could be moved relative
to the nozzle so the e%fect of varying the free-jet length could be
investigated. The supersonic contraction section and the constant area
throat were cooled to liquid nitrogen temperature,

The configurations are identified by a code consisting of (1) diffuser
half angle,(2) porosity, (3) throat diameter, and (4) free-jet length.
Thus 80-]5%-2”-6” refers to the 8° half angle, 15% porosity diffuser with

a 2" diameter throat and a free-jet length of &',
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A traverse mechanism was Installed so various models could.be in-
serted In the stream. Since these were expected to be high performance
diffusers, it was anficipated that the disturbances caused by the modéls
would serfously affect the diffuser performance, The models included a
I'' diameter sphere, a 30° included angle cone with a 1'' base diameter,

and a #'' stagnation pressure probe.

Testing Procedure

During typical testing, the tunnel conditions were established by
ralsing the stagnation chamber pressure to the desired level with the
throttle valve wlide open. After the pressures had stabilized, the read-
ings were taken and the throttle was closed to ralse the pressure at the
end of the diffuser section. Typically the valve was closed until the
metering system showed a decrease in mass flow and then the valve was
opened until the entire mass flow was once more passing through the
metering section. This point would roughly correspond to the critical
point of the diffuser. Additional data points were then taken with the
valve closed beyond this point. This procedure generated plots of pres-
sure recovery versus mass flow that are comparable to those.obtained
during the testing of supersonlc Inlets,

It was found that some configurations would not operate properly
because of the losses In the 4 diameter metering piping. Since the mass
flow data was the most important data, the metering system was shortened
and the valves were removed in an attempt to reduce the losses through
the metering system. For these conflgurations only a single mass flow

point was obtalned for each Reynolds number.
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Data Reduction

The pressure data was reduced to coefficient form by ratlolng the
pressures to the stagnation chamber pressure.

The mass flow through the metering system was obtained by assuming
the flow characteristics of the orifice were the same as those reported
by Liepmann (1960). In that investigation, an orifice with an % of 26
Was tested from the continuum range through the free-molecular fiow range.,
Liepmann found that iIf the Knudsen number of the orifice was below .1,
the mass flow was essentially independent of Knudsen number and equal to
85% of the flow that would pass through a sonic throat of the same area.
The present experiments were in the same Knudsen number range; however,

It was not possible to maintain the same pressure ratlo across the orifice.
Liepmann maintained a pressure ratio of 1,000. However, he points out in
the theoretical development that In continuum flow a pressure ratio of

approximately 26 is sufflcient to prevent the downstream pressure from

influencing the flow through the orifice 1f the gas has a value of

Y = 1.4 . This condition was met for most of the conflgurations tested
in the present investigation.

The relationship between the flow through the nozzle and the flow

through the diffuser throat is given by

) Pr 1 TTO A,
— = .85 5— i=— T (27)
iy PT &TT A*

: [¢) 2 c

In the present investigation it was found that with room temperature gas

entering the nozzle, the temperature of the gas leaving the orifice was
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also room temperature. The orifice diameter was 4 Inches and the nozzle

throat diameter was é% Inch. Equation 27 becomes

rﬁ2 PTc
woc 17 5 (28)
*

TO

This is the expression that was used In calculating the diffuser throat

mass flow ratio from the measured pressures,
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EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

Pressure Recovery Data

Filgure 12 Is a plot of measured pressure ratlo versus measured mass
flow ratio for the diffuser configuration 8915%—2”—0. This figure can
be used to demonstrate some of these salient features of the experimental
results,

The flagged symbols correspond to the pressure recovery measured by
the stagnation pressure probe at the end of the diffuser. The plain sym-
bols correspond to the static pressure measured just downstream of that
location., The numbers on the points correspond to the sequence of closing
ithe mass flow valve., While the static pressure measured at the aft end
of the diffuser follows the theoretical trend insofar as the pressure rises
as the valve Is closed, the stagnation pressure often does not., This is
because the single stagnation pressure tube 1s generally not representative
of the flow conditions at that station. Since the probe Is mounted in the
center of the tube It Is unduly Influenced by the high stagnation pressure
core which persists into this region when the thr§tt]e valve is relatlvely
wide open. As the valve Is closed the shock system s moved forward and
promotes better mixing so the stagnation presgure probe becomes more repre-
sentative of the flow at that location.

As the shock system is moved forward the diffuser mass flow begins
to decrease. This is probably the result of separation and reversed flow
on the walls of the diffuser throat. This separation feeds far enough
forward to influence the static pressure measurements in the converging

section of the supersonic diffuser,
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Due to the fact that the disturbance feeds forward such a long distance,
the peak pressure recovery Is not obtained untl] a conslderéble part of the
mass flow Is being spilled at the lTow Reynolds numbers. While this eod]d
probably be corrected by using a longer constant area throat, the main bene-
fit would be the [ncreased mass flow at the critical point, since the increase
in pressure recovery would be modest, This is clear from the comparison of
the experimental pressure recovery with the theoretical maximum possible
pressure recovery. The maximum theoretical pressure recovery is obtained
by the intersectlon of vertical lines through the maximum measured mass
flows and the line labeled Equation 10. This corresponds to isentropic
. flow between the nozzle throat and the diffuser throat and therefore repre-
‘gents the maximum possible pressure recovery. The maximum experimental
pressure recoveries are within 10 to 15% of the theoretical values,

The agreement between the values of pressure recovery suggests that
the relatlively short constant area diffuser throats are adequate if some
spillage Is allowable. If the diffuser walls were solld so mass flow
could not be spilled without causing the diffuser to become unstarted,
the pressure recovery would be significantly reduced. Under these condi-
tions the maximum pressure recovery would be limited to the values corre-
sponding to the point at which the diffuser throat mass flow starts to
decrease,

Figure 13 illustrates the change In diffuser effectiveness caused by
opening the free-jet to 6 inches and by installlng a model., In order to
avoid the erratic pressures measured by the stagnation pressure probe,

the pressure ratios were obtained using the static pressure at Station 3.
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For most configurations this pressure is within 10% of the stagnation
pressure at the peak pressure recovery.

The 6 inch free-jet causes a slight reduction of the mass flow aAd'
pressure recovery. The model has a more deleterious effect on the perfor-
mance, causfng significant reductions in mass flow and pressure recovery.

Figures 14 and 15 compare the same performance parameters fof confi-
gurations 8230%-2 and 12215%-2.5 , respectively. These configurations
show similar characteristics to the ones previously discussed.

It was not always possible to obtain continuous data as the mass flow
was reduced by closing valve 1. As the mass flow was reduced a point
was often reached where the shock wave would move abruptly from near the
diffuser throat to a point far upstream of the diffuser throat, This
would result in negligible values of pressure recovery and mass flow. It
appears that under these clrcumstances the suction was insufficlent to
stabilize the shock wave system at that point in the diffuser.

Similarly it was not always possible to obtain data at the higher
Reynolds numbers. For example, the configuration 12915%~5”-6” would
not remain started above Reynolds number/inch = 800. As the stagnation.
pressure was raised above this polnt, the sho;k system would abruptly
move upstream from the diffuser throat, Since thils configuration had a
pressure recovery that was comparable to the pressure required to over-
come the losses Jn the. metering system, it is possible tEat the metering
system losses were acting as a partially closed valve and forcing the
shock system forward of the diffuser throat. In this case, the same
mechanism would be involved in the abrupt movement of the shock wave. In

one case the crucial condition is achieved by varying the mass flow throttle,
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while In the other_;ase it Is achleved by raising the stagnatfon pressure,
Fromva comparison of the experimentally determined varla’tlon of

pressure recovery wlth mass flow and the theory given by Equations 9 aﬁd

10, It is apparent that the theory serves as adequate limits to diffuser

performance,

Mass F]ow Data

Since the data presented so far has confirmed the validity of the
limits set by Equations 9 and 10, the remainder of the discussion will be
concerned with mags flow ratlos. Figures'IS through 19 [llustrate the
variation of mass flow ratio with Reynolds number for the various confi-
gurations. The theoretical test section mass flow is included to Indicate
the magnitude of the flow through the nozzle pores.

Figures 16, 17 aﬁd 18 compare the mass flow characteristics of a
series of configurations which only differ by the diameter of the constant
area throat, 1t is seen that the 2'' diameter throat and the 3'' diameter
throat both follow the theoretical trend while the 3}'' diameter throat has
a lower mass flow than expected. This reduced mass flow was caused by
excessive losses In the mass flow metering system which prevented the 33
configuration from starting properly. This is illustrated by Figure 20,
which shows the measured static pressures In the converging section of the
diffuser for the three configurations. The 33" configuration shows a
distincp rise in the static pressure before the throat. This pressure rise

increases the flow through the pores and results In a lowered mass flow
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at the diffuser throat.

Flgures 16 and 19 are the same configuration except for an Increase
In porosity. |1t Is seen that the Increased porosity had a small effect
on the flow rate in the diffuser. This is in contrast to the theory, which
predicted a significant increase in flow rate through the pores., It was
found that the configuration with increased porosity had a lower static
pressure distribution along the converging section of the diffuser. This
lowered static pressure would yield a reduced mass flow rate compared to
the 15% configuration. It will be shown In a later section that while the
level of the static pressure does not appear to be a satisfactory Indica-
tion of the flow through the pores, 1t appears that the varitation of the
static pressure does coincide with the varlation of mass flow. This is
.borne out by the changes which occurred when a model was introduced into
the stream. The Introduction of the model caused very hfgh flow rates
through the pores and a signfficant increase in statlc pressure was
measured along the convérging section of the diffuser,

In general, the theoretical and experimental flow rates are in good
agreement for the configurations with no free-jet. The six lnch length
of free-jet reduced the mass flow by 5 to 10% for most configurations.
The introduction of the model caused a significant reduction in mass flow
at all Reynolds numbers, but the influence was most pronouncea at the low
Reynolds numbers.

The agreement between the theoretical and the experimental values
of mass flow must be regarded as somewhat fortuitous, since the measured
static pressures In the contraction section of the diffuser were signifi-

cantly above the theoretical values in all cases. Figure 20 {s typjcal of
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this compariscn. In the theoretical analysis the out-flow through the
pores was assumed to be nearly proportlonal to the local static pressure.
It would be expected that the Increased static pressure would result In

a much higher pore mass flcw rate than that predicted by the theory, which
used lower static pressures, This would reduce the mass flow rate through
the d%ffuser throat'compared to the theory. For example, If a calculation
is made of the pore flow using the experimentally measured pressures
(Figure 20) instead of the theoretical values, the mass flow through the
pores would be more than doubled, This did not occur experimentally and
no explanation has been found for this behavior.

A limited investlgation was made of the effect of varying the chamber
pressure, It was found that some configurations were unusually sensitive
to small chamber pressure variations. For example, during typical opera-
: fion the chamber pressure varled between + and 2 microns, depending upon
the flow rate. The pressure was limited by the conductance of the 5'
diameter valve which leads to the cryopump. 1t was found that raising
the chamber pressure by 1 mlicron could cause a significant change In mass
flow and pressure recovery. This is illustrated In Figure 2] which shows
the variation In diffuser throat mass flow with chamber pressure for a
configuratjon with and without a model installed, Since the pressures
measured on the inside of the diffuser were of the order of 10 microns ér
greater, it Is difficult to understand how a chémber pressure variation
of 10% of this value would cause such a large change in mass flow; It
seems possible that the phenomenon that is responsible for this varlatlon

of pore flow with chamber pressure may aiso be responsible for the reduced
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values of pore flow when compared to the theoretical values associated

with the high statlc pressure levels measured In the diffuser.



COMPARI SON WITH PREVIOUS EXPERIMENTS

Rogers (1962) presented .the results of an experimental investiga-
tion of a porous cooléd diffuser, In these experiments an attempt had
been made to fabrlcate a variable porosity diffuser. This was done
using two porous concentric cones, Due to a difficulty In maintaining
alignment between the pores, the level of porosity was not accurately
established. A further difficulty was encountered because only the outer
cone was cooled with liquid nitrogen. The cooling on the inner cone de-
pended upon conduction from the outer cone. |In the present analysis it
has been assumed that the wall was cooled to llquid nitrogen temperatures,
The effectivg porosity was determined by making calculations for 5 series
of porosities and selecting the one that agreed with the experimzrts at
a specific Reynolds number. |t was found that whereas the porosity of
the individual cones was 30%, the effective porosity was 7.5%. The com-
parison between the theoretical and experimental variation of mass flow
with Reynolds number is shown in Figure 22, The porosity had been z2lected
to agree: with the experiment at Re/in = 1000 . It is seen that there is
general agreement at af! Reynolds numbers except the highest., This high-
est Reynolds number point is somewhat questionable since the flow leaving
the nozzle exit was non-uniform and had strong compressions on the outer
edge. While it would be expected that the strong compressions v>uld
raise the static pressure and consequently ‘the flow out through the pores
of the diffuser, thls does not appear to have been the case, The mass

flow passing through the diffuser throat was greater than that predicted
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by the theory; which indicates a lower mass flow passing through the pores,
This 1s another example of the difflculty of calculating the. flow through
the pores, ‘ '
Figure 23 shows a comparison between the theoretical and experimental
values of pressure recovery. In this case, Equations 9 an& 10 have been
used to calculate the limits on the pressure recovery but the experimentally é
measured mass flow has been used in place of the theoretical value., The i
results show the experimental pressure recoveries are slightly below the
minimum theoretical values. This is the result of losses occurring down-
stream of the throat of the diffuser, ;
This diffuser conflguration was also adversely affected by the ' 1
presence of the model in the test section, When a cylinder was Inserted %
into the stream so It spanned the tgnnel, the mass flow was decreased by
approximately one-half, The cylinder had a diameter equal to about 6% of

the test sectlon diameter.



CONCLUSIONS

The results of the serles of Investigations on porous wall low dén;‘
sity wind tunnel diffusers have shown good agreement between theory and
experiments, It was predicted theoretlcally and conflrmed experimentally
that the limits on the pressure recovery at the diffuser throat can be {

glven by the following simple equation.

(29)

In this expression the constant c [Is unity as a lower limit and 1.65

as an upper limit for hypersonic flow with Y = 1.4 . The lower limit

corresponds to choking at the diffusér throat while the upper limit ;
corresponds to isentropic flow between the nozzle throat and the diffuser ;
throat folloWed by a normal shock, From an analysis of several nozzle-

diffuser combinations, It was %oncluded that the heat transferred to the

walls was small and the term _IZ would not vary significantly from .85,

Tr

From a comparlson of the reﬁu]ts of a computer program and the
experimental investigation, {t was found that the theory accurately
predicted tHe varlation of diffuser throat mass flow with diffuser throat
area ratlio, .1t was concluded, however, that thls agreement was somewhat i
fortuitous since the level of static pressure in the dlffuser was much
higher than the theoretical value. This higher statlc pressure should:
have resulted in an increased mass flow out through the porous walls of

the diffuser and a resultant decrease In mass flow through the diffuser

4]



throat, Since this was not found to be the case, It was concluded that
the model used In calculating the flow through the diffuser ‘pores was
incorrect. .1t Is suggested that this !s an area that warrants further.
study.

It was found that Introducing é model Into the stream ;aused'a
significant reductloﬁ In diffuser throat mass flow and pressure recovery.
The large decrease in diffuser throat mass flow implies an Increase In
mass flow fhrough the porous walls, It was found that the diffusér static
pressures increased when the model was Installed. This would leéd to an
Increase in flow through the porous walls if the flow is proportional to
the statlc pressure,

The theoretical investigation indicated it was possible to obtain
pressure recoveries approaching unity for the flow remalning In the
diffuser throat. These high pressure recoveries could only be obtained
at the expense of having most of the flow pass through the porous walls
of the diffuser, Since any practical design must consider the quantity
of flow passing through the diffuser pores as well as the flow passing
through the throat, It is necessary to make a trade off between diffuser

throat pressure recovery and pore mass flow,
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Figure 1., Wind Tunnel Schematic
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Figure 2. Typical Experimental Diffuser Performance
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